Introduction
Worldwide annual incidence of traumatic brain injury (TBI), caused by falls, motor vehicle accidents, physical assaults, and sports injuries totals approximately 7 million people per year . Data from the most extensive report to date (using a multistate population-based TBI surveillance system) indicates the importance of TBI as a public health problem (Shimizu et al., 2013) . In the United States alone, about 1.5 million people suffer TBI per year ).
An estimated 475,000 cases of TBI occur among children below the age of 15, and it is the leading cause of death and disability in young individuals who are in the most productive period of their lives (Xiao et al., 2013a) . It has therefore been referred to as "a silent epidemic" . The number of Americans living with long-term disability because of TBI is as high as 5.3 million. According to a CDC report in 2000, TBI is imposing an ever growing economic burden on the US, with an annual loss amounting to $60 billion per year (Finkelstein, et al., 2006) . Thus, TBI is a burning public health problem with a direct bearing on the US economy (Xiao et al., 2013b) .
Overall interest in cerebral microbleeds (CMBs) has been growing rapidly in the recent years. Significantly different from larger hemorrhages, CMBs are defined as foci with increased susceptibility-weighted imaging (SWI) signals that are not consistent with bones, vessels, or MRI artifacts. An ovoid or round lesion, with low MRI signal and a diameter between 2 and 10 mm, and which is clearly not a blood vessel is considered to be a microbleed (Glenski et al., 1984; Mori et al., 2013) . CMBs are visualized as small, round, and homogenous low signal lesions on gradient-recalled echo T2*-weighted images or SWI images because hemosiderin, a paramagnetic product of heme degradation, has high magnetic susceptibility and gives rise to a lesion exhibiting a homogenous signal loss. CMBs occur because of bleeding around small vessels, primarily seen in cerebral amyloid angiopathy and hypertensive vasculopathy . Red blood cells have been shown to form petechial microbleeds by passing through endothelial cells and into brain tissue via a phenomenon called diapedisis. Additionally, Zhong et al. (2013) showed evidence of a brief transient opening of the blood-brain barrier after traumatic injury to the brain. CMBs frequently occur at the border between cortical gray matter and white matter. The different physical properties of gray and white matter may result in differential deformation under the same accelerative/decelerative forces, resulting in a peak strain of brain tissue at the interface between the two types of tissue. In addition, changes in venous drainage between gray and white matter may also explain the vulnerability to shear strain. Two typical patterns of bifurcation hemorrhages, which tend to be small and spherical, have been observed. Viewed in two dimensions, these hemorrhages appear to lie at the terminus of a vessel that is in the plane of the imaged slice. This can give it the appearance of a "ball atop a flagpole" in longer, straighter vessels or a "tadpole" appearance in smaller, tortuous vessels. Indeed, the "tadpole" shape micro-hemorrhage could be attributed to leaks through the blood-brain barrier where pial veins branch into venules. Consequently, leaked red blood cells accumulate at the venule-branching area. Histologically, hemorrhages may be perivascular or in the neuropil, and they are associated with diffuse axonal injury (DAI). Focal traumatic shearing or tearing of the affected blood vessels leads to bleeding into the perivascular space and/or the neural parenchyma (Zhang et al., 2014a) . CMBs should be detected and mapped reliably. Microbleeds have been shown to be involved in the pathogenesis of several neurovascular and neurodegenerative diseases. A review suggests that the occurrence of CMBs might indicate a higher risk of future intracerebral hemorrhage and may be regarded as a marker of cerebral small-vessel disease and cerebral amyloid angiopathy (Fu et al., 2013) . Traumatic microbleeds (TMBs) that occur in TBI often include CMBs, and hence can be considered radiological markers of DAI with potential relevance for prognosis (Guo et al., 2013b; Kang and Zhu, 2013) . There is great research interest in determining the predictive value of cerebral microbleeds (and their severity) for the incidence or recurrence of primary intracranial bleed (Sun et al., 2013b; Zhang et al., 2014b) . Furthermore, several studies show that the CMB burden is both strongly and independently related to the occurrence of intracerebral bleeding in patients taking anticoagulant therapy Zhu et al., 2013c) . Thus, assessing the potential use of CMB burden calculation for diagnosis and prognosis of disease is important, as is assessing the subsequent usefulness of this calculated value in making decisions related to treatment. Multiple conditions can potentially cause cerebral microbleeds and iron deposition in the brain, with systemic hypertension, cerebral amyloid angiopathy, and diffuse axonal injury secondary to trauma being the most important ones (Sun et al., 2013a; Zhu et al., 2014) .
Here, our purpose is to review the research progress regarding detection of cerebral microbleeds via imaging methods of TBI.
DAI and CMBs
DAI results from accelerative-decelerative forces associated with high-energy head trauma, which give rise to shearing forces that act at regions of the brain with different densities and compliances. Gray matter-white matter junctions and the region adjacent to the falx are the most susceptible location for this type of damage. DAI that is more common and associated with microbleeding is called hemorrhagic DAI. DAI without microbleeding or with isolated microbleeding has also been reported . Intraparenchymal bleeding, including white matter microbleeding, is also a major feature of TBI. There are two manifestations of DAI. The first one is small petechial hemorrhages throughout the brain that result from the rupture of small blood vessels. The second is linear hemorrhages at subcortical white matter regions, particularly in the posterior frontal and parietal lobes (Ju et al., 2013) . These small petechial hemorrhages scattered throughout the white matter, particularly in parasagittal white matter, are typically called diffuse vascular injury (DVI) (Costello et al., 2013; Zhu et al., 2013a) . All cases of DVI show severe DAI and fall in a spectrum of similar pathological conditions Costello et al., 2013) . Thus, appreciating the properties of DVI, as understood through microbleeding petechial hemorrhages, helps give diagnostic insight into potential DAI. As the identification and localization of small hemorrhage foci gives useful information about the mechanism of injury and helps predict the clinical outcome, detecting intracranial hemorrhagic lesions is essential for the best treatment and management of patient with TBI.
Computed tomography (CT)
CT is a proven, time-tested method for making diagnoses, evaluating the extent and severity of intracranial hemorrhages, and for assessing progression in follow-up examinations. Short examination time and its compatibility with life-supporting devices have made it a method of choice to evaluate seriously injured patients. CT can easily detect large hemorrhagic lesions and is therefore an important screening tool for examining large hemorrhages at acute stages or other lesions that require urgent surgical intervention (Tchekmedyian et al., 2013) . However, owing to its poor soft tissue resolution, it cannot detect other primary or secondary injuries, some of which can easily be identified by conventional magnetic resonance imaging (MRI). It also cannot detect small hemorrhages arising from early contusions or DAI. Thus, causes of neurological symptoms associated with DAI and other subtle pathologies cannot be determined by CT. For example, a near normal CT scan in a comatose patient after trauma is a common finding in patients with severe DAI. In addition, most mild TBI patients (mTBI), who comprise more than 90% of the total TBI patients, have negative findings on CT or conventional MRI (Warner et al., 1988a) . Indeed, a study was conducted to find out which method of imaging was the most effective in predicting 6-12 month outcomes in children with TBI, as classified by the Pediatric Cerebral Performance Category Scale score. Forty children with TBI were assessed using different imaging modalities (CT, T2-weighted MRI, fluid-attenuated inversion recovery [FLAIR] MRI, and SWI), and results showed that although CT is inconsistent with detecting/predicting lesions, it is still regarded as an essential part of the acute TBI work-up performed to assess the need for neurosurgical intervention (Zen et al., 2013) .
Conventional MRI
Although MRI requires a longer image acquisition time and is not compatible with instruments having magnetic components, its capacity to detect small hemorrhages is more promising compared with that of CT (Wang et al., 2014a) . For instance, MRI (FLAIR) is more sensitive to subarachnoid hemorrhage (SAH) than CT, and can detect high signals in the subarachnoid space in the early stages of hemorrhage . MRI is increasingly being used not only to detect the primary pattern of injuries, but also the secondary effects like edema, infarction, herniation, and hemorrhage. Among MRI sequences, gradient-echo imaging is superior to spin-echo imaging for the detection of microbleeds associated with DAI (Liu et al., 2013b) , particularly in hemorrhagic shearing injuries (Hou et al., 2013) . While CT scans can detect the scattered hemorrhages within the brain parenchyma along with the accompanying edema that occur in traumatic brain contusions, T2-weighted MRI possesses higher sensitivity for detecting such lesions (Zhu et al., 2013f) . A study revealed that MRI detects a broader spectrum of TBI than CT does. Besides primary lesions, secondary outcomes of injury such as territorial arterial infarction, pressure necrosis resulting from increased intracranial pressure, cerebral herniation, and secondary brainstem injury were also made visible by MRI in some cases. T2*-weighted images were more useful for detection of pathological lesions, whereas, T1-weighted images were more effective for anatomical delineation and classification of the lesions . However, MRIs of hemorrhage are variable and depend on multiple intrinsic factors such as integrity of red blood cells, oxygenation state of hemoglobin, presence of metabolites (such as ferritin, hemosiderin, deoxyhemoglobin) of blood, as well as extrinsic factors such as field strength of the MR imaging unit, type of sequence, receiver bandwidth, and degree of T1 and T2 weighting (Shi et al., 2013a) .While the presence of hemosiderin has been suggested as a biomarker of parenchymal injury (Jiang et al., 2013; Tao et al., 2013) , and deposits associated with micro-hemorrhages are often too small to be detected viaspin-echo MR imaging , they are often detectable months after the injury using gradient-echo MRI (Cai et al., 2013; Wang et al., 2013c) . A study using conventional MRI has shown that the detection of hemorrhage in DAI is a poor predictor of clinical outcome (Zhu et al., 2013j) . Similarly, conventional MRI does not reliably correlate with clinical measurements such as the Glasgow Coma Scale (GCS) . Initial survival is determined by acute emergency and intensive care management, and as the subacute and chronic stages of recovery progress, success becomes less predictable than during the acute stage. Conventional MRI does not appear to correlate with injury severity measured by GCS, long-term outcome measured by Glasgow Outcome Scale scores (GOS), or neuropsychological assessment. Indeed, conventional imaging adds little to non-imaging clinical measures in the prediction of long-term neurocognitive outcome.
GRE-MRI
Chronic CMBs visualized by magnetic resonance GRE imaging are thought to be an important marker of these bleeding-prone micro-angiopathies. Pathologic studies have demonstrated that GRE-visualized microbleeds usually represent hemosiderin-laden macrophages that occur adjacent to small vessels and are indicative of previous extravasation of blood . Previous studies have shown that GRE-MRI detected microbleeds in 50-80% of patients with primary intracerebral hemorrhage (Tie et al., 2013; . In the near future, microbleeds may prove to be a useful biomarker that provides an understanding of the pathophysiology of intracerebral hemorrhage, help predict the prognosis and disease progression, and guide therapeutic strategies, particularly in medically underserved populations .
A comparison study was done in 200 elderly participants using two methods of MRI imaging at 1.5T: accelerated three-dimensional (3D) T2*-weighted gradient-recalled echo (GRE) MR sequences and conventional two-dimensional (2D) T2*-weighted GRE sequences. The variables recorded with both techniques were presence, number, and location of microbleeds. Detection of CMBs was significantly higher with 3D-T2*-weighted GRE images (35.5%) than with 2D-T2*-weighted GRE images (21.0%, P < 0.001). Furthermore, in those brains in which microbleeds were detected by both techniques, significantly more microbleeds were detected on the 3D image sets (P < 0.001). For both imaging methods, proportions of participants with lesions in lobar (cortical gray and subcortical white matter), deep, or infratentorial locations showed no statistically significant difference. Thus, it can be concluded that accelerated 3D T2*-weighted GRE images detect more microbleeds than do conventional 2D T2*-weighted GRE images . Additionally, in a study comparing MRIs from 14 patients using a 1.5-3T system, the number of TMBs differed significantly depending on the system (1.5T: 239 TMBs, 3T: 470 TMBs, P = 0.001). However, in all patients (except one), MRI at 1.5T also clearly showed CMBs. A significant negative correlation was found between the number of TMBs and the examination time interval by using MRI after TBI, and detection of TMBs using T2*-weighted MRI at 3T was superior to that using 1.5T. However, for practical purposes, MRI at 1.5T appears to be good enough. Despite a normal routine MRI, if DAI is strongly suspected or if evidence of DAI is sought long after trauma, an MRI at 3T would be more appropriate (Guo et al., 2013b) .
One study attempted to relate traumatic hemorrhage burden to injury severity using GRE , and found that with sufficient resolution, major veins and related hemorrhage in the brain could be visualized. Scheid et al. (2003) scanned 66 patients at the chronic stage after TBI using a 3T magnet with a T2*-weighted GRE sequence. Traumatic microbleeds were revealed in 46 (69.7%) patients by T2*-weighted GRE imaging. Compared with T1-weighted GRE imaging, T2*-weighted imaging showed significantly more traumatic microbleeds (P = 0.000). Although there was a significant correlation between the total number of callosal traumatic microbleeds and GCS scores (P = 0.000), no correlation was found with extended GOS scores. High field strength T2*-weighted GRE imaging is a useful tool for the evaluation of DAI during the chronic stage of TBI. Gao et al. (2013) showed that brain lesions related to DAI are predominantly hemorrhagic and they concluded that the T2*-weighted GRE imaging is good for initial diagnosis, but not for long-term prognosis. They suggested the use of other sequences, such as susceptibility tensor imaging, diffusion tensor imaging, or MR spectroscopy, for long-term outcome prediction . However, Scheid et al. (2003) revealed that TMB load is not a sufficient parameter for assessing the severity of DAI or for making a prognosis of functional outcome (Scheid et al., 2003) . See 
SWI and SWI with Mapping (SWIM)
SWI is even more sensitive to hemosiderin deposition and is superior to conventional MRI for detecting microbleeds in the brain after trauma. The SWI method was originally used to enhance the visibility of small veins. Each final SWI image is made by collapsing several adjacent slices, and usually shows the contiguity of vessels. Occasionally, several contiguous images can be reviewed to follow a vessel. Detection of CMBs has improved rapidly over recent years with the advent of SWI and it has become a very promising method for detecting TBI (Kou et al., 2010) . In fact, it has been used for some time as a means to enhance venous signal using high-pass filtered phase images Zhu et al., 2013i) . SWI is a gradient-echo MRI technique, and post processing software is designed to detect small changes in local magnetic susceptibility in the brain tissue. This allows sensitive detection of paramagnetic effects using information from the phase image (Warner et al., 1988c) . It takes advantage of the fact that tissue types are differentially susceptible to magnetism to enhance their intrinsic contrasts. Many pathological states can be better visualized by SWI compared with other MRI techniques, including neuro-vasculature abnormalities, calcification, iron deposits, hemorrhage, and change in oxygenation levels that result from altered blood flow or pathological processes. SWI has the potential to improve detection of traumatic micro-hemorrhagic lesions that are invisible or inconspicuous on conventional MRI, to categorize clinical injury severity, and to predict long-term neurocognitive outcomes. The technique is easy to implement and may prove helpful in the evaluation of venous diseases, even when they affect veins with diameters smaller than 0.5 mm (Warner et al., 1988b) . SWI is a more sensitive means to detect hemorrhagic DAI than is conventional T2*-weighted gradient-echo sequences. More accurate and objective assessment of injury can be obtained in the early post trauma phase. In this phase, prognostic information regarding duration of coma is also useful. SWI has been noted to be better than other techniques not only for detecting small hemorrhages in the absence of other abnormal findings, but also for documenting the presence of brain injury, thereby increasing the quality of patient management. The number and volume of lesions as identified by SWI show a negative correlation with patients' clinical outcomes and neuropsychological functions (Zhu et al., 2013d; Chen et al., 2014) . See Figure 2 .
As reported by conventional CT and MRI studies, traumatic hemorrhages are usually found in cortical gray matter, subcortical white matter, major white matter tracts, and the ventricles . In addition to these locations, SWI has shown micro-hemorrhagic lesions at gray matter/white matter junctions, vessel junctions, and more importantly, in veins. These days, with increased use of GRE T2*-weighted MRI sequences and SWI-MRI sequences, detection of CMBs and other forms of intracranial hemorrhages have significantly increased (Li et al., 2013b) . In an SWI-MRI and T2*-weighted MRI-imaging study conducted in 15 individuals, it was found that SWI detected a mean of 76 ± 52 (total 1,132) hypointense spotty lesions, whereas, T2-weighted image detected only 21 ± 19 (total 316) lesions. Thus, SWI is more sensitive than conventional T2-weighted imaging in detecting small hemorrhages associated with DAI . Tong et al. (2003) performed a retrospective study in seven children and adolescents with TBI who were admitted to an intensive care unit with presumed DAI. They compared the effectiveness of SWI and conventional GRE sequences in detecting small hemorrhagic lesions. MRI (1.5T) was taken within 11 days of injury. Results showed that compared with GRE images there was 3-to 6-fold increase in lesion detection and 2-fold increase in the total apparent volume of hemorrhagic DAI lesions when using SWI images. Lesion detection was relatively greater in the brainstem, cerebellum, and corpus callosum than in frontal, parietal, temporal, and occipital gray/white matter junctions. Another study conducted in 141 individuals using both GRE and SWI showed that prevalence of microbleeds was 23% on GRE images and 40% on SWI images. Irrespective of CMB locations, 284 CMBs were detected on SWI sequences, whereas only 219 CMBs were detected on GRE sequences (Zeng et al., 2013) . SWI sequences also appeared to detect much smaller hemorrhagic lesions, the majority of them being about 10 mm 2 , while those detected by GRE sequences were 11-20 mm 2 (Hosking et al., 1989) . A report suggests that quantitative imaging of micro-hemorrhages as a surrogate marker of brain injury can be used to rank injury severity . Babikian et al. (2005) have also demonstrated the prognostic use of regional SWI-lesion quantification with regard to neuropsychological outcomes at 6 months to 1 year.
Indeed, SWI does show promise in predicting long-term outcome. Sigmund et al. (2007) evaluated 40 children and adolescents (mean age 12 years, scanned 7 ± 4 days after injury) with presumed DAI and tried to determine which MRI method was more effective in predicting 6-12 months outcomes as classified by the Pediatric Cerebral Performance Category Scale score. Results showed that SWI-MRI sequences were better for assessing the injury severity and de-tecting the lesions that affected the outcomes. Chastain et al. (2009) suggest that GRE-imaging, in the form of SWI, which is extremely sensitive to small changes in T2* associated with hemorrhage, is capable of detecting micro-hemorrhages associated with DAI and can help to rank the degree of brain injury and predictions of outcome.
The method by which MRI images are obtained after post-processing using an inverse procedure to generate susceptibility maps of the veins is called SWIM . Regardless of the size and orientation of the veins, SWIM can successfully create venograms of the brain and make imaging process easy (Ding et al., 2013) . The images show a new form of MR venography and can serve as a quantitative means to distinguish potential oxygen-saturation abnormalities in SWI data (Labaceno Gainza et al., 1989) . The measurement of magnetic susceptibility offers an entirely new form of contrast in magnetic resonance imaging and provides a new quantitative measure of extravasated blood Zhu et al., 2013e; Zhu et al., 2013h) . A study reported that the total susceptibility of a CMB measured using quantitative susceptibility mapping (QSM) is a physical property that is independent of echo time . See 
Diffusion tensor imaging (DTI)
Magnetic resonance DTI is used to evaluate the structural and physiological state of biological tissue by detecting water molecules based on the microscopic random motion law, and enables measurement of the anisotropic diffusion of water in tissue. By determining the dominant direction of water-molecule diffusion in the white matter, it not only helps to accurately distinguish white matter from gray matter, but also helps follow the direction of white matter fiber tracts, thus allowing a good imaging result. DTI can be used to identify white matter fiber-tract lesions caused by pressure-shift infiltration and destruction, and is recognized today as the most promising non-invasive method to observe white matter fiber bundles with complete spatial orientation. The extent of white matter fractional anisotropy (FA) and apparent diffusion coefficient (ADC) indirectly reflect the degree of myelination and integrity of the fiber bundle (Warner et al., 2010; Zhu et al., 2013g) . In mild head injury, neurofilaments can be damaged, altering the transport processes along the axon and local cellular trans- 
C A port processes. This leads to axonal swelling and increased permeability of the membrane resulting in an increase in the diffusion coefficient perpendicular to the axonal plane and a decrease in the one parallel to it. Conventional CT and MRI cannot display these changes, but DTI can be used to quantitatively analyze the change in FA values and ADC values in the region of interest (ROI), thereby effectively predicting the occurrence and extent of neurocognitive function impairment after concussion. Because conventional CT and MRI often show no abnormalities, a DTI scan is a better indicator for initial evaluations of patients in head trauma clinics who complain of significant headache, dizziness, vertigo, vomiting, and lethargy. If the FA signal is normal, symptoms will usually disappear, but if FA signals show abnormalities, neurotrophic management and protection should be considered. Thus, DTI is of practical use for clinical treatment (Shenton et al., 2012) . Krishna et al. (2012) found that in cases of mild head injury, significantly lower FA signals and elevated ADC values indicate a poor prognosis that includes axonal swelling as an early manifestation of axonal injury. Aoki et al. (2012) conducted a study in 13 patients with mild TBI, and found that DTI can detect FA values for different regions and different fiber bundles. Compared with the controls, FA values were significantly lower, white matter fiber-bundles were reduced, and interruptions were found in the corpus callosum. Metting et al. (2013) conducted a DTI study on 18 subjects with mild TBI and found that compared with the normal control group, bilateral frontal white-matter FA values were significantly lower and in the temporal top diffusivity was (mean diffusivity, MD) was higher. Cerebral hemorrhage volume is closely related to FA values in regions with large white-matter fiber bundles, such as the corpus callosum, internal capsule, inferior frontal occipital fasciculus, corticospinal tract, and the upper and lower longitudinal fasciculus.
Conclusions and future directions
CMBs can be viewed as markers of strain that exceed the elastic limits of vessel walls. As such, they are dual biomarkers, both of damage to tissue and of the forces that caused the damage. The latter has implications for informing and improving models of the brain's response to linear and angular forces, where the goal is to improve the design of protective equipment to reduce or eliminate injury.
MRI methodology along with its application in the medical field has undergone dramatic advances in the last 30 years. Recently developed MRI methods are excellent diagnostic tools for detecting and localizing numerous pathologic and pathophysiologic changes resulting from TBI. SWI is one of the most sensitive imaging methods for detecting CMBs and for evaluating the progression of TBI. SWI is three to six times more sensitive to blood products than the clinical standard GRE T2*-weighted sequence, depending on the field strength, reconstruction techniques, and echo times that are used. Additionally, it is particularly well suited to investigating TBI, where small hemorrhages are an indirect marker of axonal injury and vascular rupture (Wang et al., 2014b) .The ability to detect microhemorrhagic lesions in TBI has contributed to improved categorization of injuries and prediction of functional outcomes at 6-12 months. At the same time, manual rating of CMBs is less reliable and more time consuming. To overcome this problem, Seghier et al. (2011) developed a technique called microbleed detection using automated segmentation (MIDAS). This post-processing method can identify microbleeds on standard MR data sets with results that are comparable to a validated visual rating system, thus making it a useful screening tool for multiple lobar microbleeds. In another way, relatively new MRI techniques such as SWI, DTI, and magnetic resonance spectrum imaging are very useful for making precise diagnoses and giving reasonable prognoses regarding the clinical outcomes of cases with TBI. These techniques help to broaden our understanding of the brain by revealing the multifaceted nature of injuries. The findings revealed by these sophisticated MRI techniques can serve as biomarkers of different TBI pathologies, aiding clinicians in classifying patients into different treatment groups, and thus improving the outcomes of specific therapeutic procedures.
In the future, CMBs as well as damage to major veins and other substances in the brain will be perfectly ranked based on their magnetic susceptibilities as determined by QSM longitudinal studies using these MRI techniques. The lesions will be categorized from acute to chronic stage in correlation with neurocognitive assessments. SWIM will continue to improve as a means to visualize veins and quantify oxygen saturation . Through the pertinent application of these modern sophisticated MRI methods, dynamic pictures of brain injury can be revealed, and at the same time, the optimal imaging technique can be used at different times for effective outcome prediction.
